Slow beams of massive molecules 
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Slow beams of neutral molecules are of great interest for a wide range of applications, from cold 
chemistry through precision measurements to tests of the foundations of quantum mechanics. We 
report on the quantitative observation of thermal beams of perfluorinated macromolecules with 
masses up to 6000 amu, reaching velocities down to llm/s. Such slow, heavy and neutral molecular 
beams are of importance for a new class of experiments in matter-wave interferometry and we 
also discuss the requirements for further manipulation and cooling schemes with molecules in this 
unprecedented mass range. 



I. INTRODUCTION 

Stimulated by the great success of atom cooling and 
trapping experiments [l|, much effort has also been 
directed at demonstrating slow or cold molecular beams. 

This includes the pioneering work on the decelera- 
tion ^ and trapping in electric 0, 01 or magnetic 
fields [0, 01 . Similarly the deceleration of the heavier 
YbF to 287 m/s was realized for new precision experi- 
ments Optical dipole forces were employed to slow 
CeHg to 300 m/s [9]. A back-rotating nozzle was used 
for reducing the speed of SFg to 55 m/s [T^ and back- 
rotating silicon paddles significantly decelerated fast He- 
lium atoms Laser implantation into cryogenically 
cooled Helium allowed the formation of PbO beams at 
40 m/s [13. The slowing of NO molecules in billiard- like 
collisions with Ar reduced their velocity to 15 m/s [l^. 
Slow and cold dimers were also formed in a reaction be- 
tween counter-propagating H and halogen atoms [ij . Fi- 
nally, cavity assisted optical manipulation methods [T5| 
have recently been proposed for cooling external and in- 
ternal [iBl degrees of freedom in small molecules. The 
rapid evolution of molecule experiments opens the ques- 
tion if some of the new methods could also be applied to 
distinctively more massive systems. This is particularly 
interesting with regard to the stringent requirements of 
quantum interferometry with massive compounds [17]. 

Common to all such experiments is the need to 
volatilize complex materials at sufficiently low kinetic 
energy, which is usually a great challenge. For organic 
molecules one often observes an increase in the parti- 
cle's electric polarizability, dipole moment and number 
of weak bonds when the number of atoms per molecule 
is augmented. Correspondingly, there is an overall trend 
for large molecules to have a low vapor pressure and a 
high fragmentation probability at elevated temperatures. 

Some of these problems can be circumvented by recur- 
ring to matrix assisted laser desorption (MALD) ^23|, jet 
expanded laser desorption (JETLD) [2l| or electro-spray 
ionization (ESI) [l^l , but only at the expense of produc- 




FIG. 1: Setup for sublimation and velocity measurements: 
a) thermal source (not to scale), b) velocity selector, c) elec- 
tron impact ionization quadrupole mass filter and d) detection 
unit. The structure of the perfluoroalkylated carbon sphere 
e), also designated as PerfluoroCeo- 



ing either fast (MALD,JETLD) or highly charged (ESI) 
molecular beams. 



II. EXPERIMENTAL CHARACTERIZATION 
OF LARGE MOLECULES IN THE GAS PHASE 



In marked contrast to these observations, we here re- 
port on new perfluoroalkylated neutral particles in the 
mass range up to more than 6000 amu, whose vapor pres- 
sures are sufficiently high and whose velocities are suffi- 
ciently low to open a new experimental window for new 
coherent (interferometry, molecular lenses) or incoherent 
(cooling) molecular manipulation schemes. 
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FIG. 2: a) shows a typical mass spectrum of PerfluoroCeo at 545 K. The integer n counts the number of perfluoroalkylated 
side-chains attached to the central buckyball. The mass spectrometer parameter are optimized for most efficient detection of 
the n = 7 compound, b) is the Arrhenius plot to evaluate the sublimation enthalpy for n=5...9 compounds. 



A. Molecule 

In particular we study the perfluoroalkylated carbon- 
sphere C6o[(CF2)iiCF3]„Hto, where m G {0...2} is the 
number of attached H atoms and n g {0...9} is the 
number of fluorinated side-chains attached to the Ceo 
core. Figure [1] shows an energetically non-relaxed view 
of the molecule, to illustrate its overall structure and 
complexity. The molecules (23| were synthesized by one 
of the authors (P F). The mass of a nanosphere with 
n=9 side-chains exceeds that of any molecule in all pre- 
vious slow-beam studies by more than an order of mag- 
nitude, and even that of a small protein, such as insulin 
(m^5700amu). 



B. Beam machine 

Our experiments were performed in a vertical fountain 
configuration, which is crucial for measuring high intensi- 
ties in particular for slow molecules, see Fig.[TJ The mate- 
rial was evaporated in a furnace with a circular aperture 
of 500 /Ltm diameter. The home-made helical velocity se- 
lector, shown in Fig. [1] is located 5 mm above the furnace 
aperture and has a length of 140 mm and a radius of 48 
mm. The velocity selection is done by channels (grooves) 
in the rim of the selector which have a slope with regard 
to the selector axis. The angle of between the grooves 
and the rotor axis is 13 rad. The angular velocity of 
the rotor determines the mean velocity of the transmit- 
ted molecules. The bandwidth of Av/v = 5% (FWHM) 
is determined by the aspect ratio (width/length) of the 
milled grooves in the selector. For our model, a rotation 
frequency of 1 Hz corresponds to a molecule velocity of 
1.08 m/s and the mean transmitted velocity scales lin- 
early with the rotor frequency. The phase stability of 
the rotation of the selector was carefully checked and 
maintained with a stroboscopic flash lamp operating at 



the rotation frequency with A/ = 0.1 %. Having passed 
the selector, and after a drift region of 0.5 m above the 
furnace the perfluorinated compounds were finally de- 
tected using electron impact ionization quadrupole mass 
spectroscopy in a differentially pumped second vacuum 
chamber. We used an Extrel quadrupole mass spectrom- 
eter with electron energy of Ekin=40..70eV which allows 
to detect molecules with masses up to 9000 amu. We here 
report on the first on electron impact ionization for de- 
tecting those large perflouroalkylated molecules [1^ . For 
the mass spectrum shown in Figured] a) the spectrome- 
ter was optimzed to the signal of nanospheres with n=7 
side-chains (see discussion below) . 



C. Characterization of the carbon nanospheres 

Figured a) shows a mass spectrum of the post-ionized 
perfluoroalkylated carbon spheres. We identify molecules 
with between one and nine intact side chains. The rela- 
tive intensity of these peaks is determined by the chem- 
ical synthesis and might be influenced by the chemical 
rearrangements during long-time storage, spectrometer 
settings as well as fragmentation processes during both 
the evaporation and the ionization process. But the vari- 
ation of their peak height with the furnace temperature 
is an absolute measure for their sublimation enthalpy. In 
order to quantify this, we linearly ramp the temperature 
with a heating rate of 0.7 K/min and record the expo- 
nential increase of the count rate. Using the Clausius- 
Clapeyron equation we evaluate the sublimation enthalpy 
AH sub from an Arrhenius fit to the data (see Figurel2]b). 
The results are summarized in Table HI 

We have also estimated the scalar polarizability a us- 
ing the software Gaussian03 2j| with a reduced Hartree- 
Fock method and the 6-31 G polar basis. We find a 
scalar static polarizability of a = 194 and a perma- 
nent dipole moment of about 6 Debye for the carbon 
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TABLE I: Sublimation enthalpies for large perfluoralky- 
functionalized molecules: The temperature interval for the 
sublimation studies (Tm) and the experimental decomposi- 
tion temperature (T^) were T„=540-563K and Td=650K. 
Error bars are evaluated from curve fitting deviations. 



Molecule Mass (u) AffsutfkJ/mol] 



PerfluoroCeo , 


n= 


=9 


6291 


217 


± 


15 


PerfluoroCso , 


n= 


=8 


5672 


227 


± 


13 


PerfluoroCeo, 


n= 


=7 


5053 


222 


± 


8 


PerfluoroCeo , 


n= 


=6 


4434 


251 


± 


16 


PerfluoroCeo , 


n= 


=5 


3815 


220 


± 


11 



nanosphere with n=7. The compound with n=l was 
calculated to have a static polarizabiUty of a = 84 
which is close to the measured value for an individual 
Cgo molecule [sH]. Each additional side-chain adds to 
the total polarizability with about 18 A^. The low a/m- 
value is consistent with the unusually high vapor pressure 
of these perfluorinated compounds, making them partic- 
ularly useful for generating slow thermal beams. 

All sublimation enthalpies are equal within their er- 
ror bars. This is both compatible with an possible ini- 
tial mixture of different perfluoroalklated carbonspheres 
with very similar a/m ratios, as well as with a monodis- 
perse distribution of large molecules, undergoing frag- 
mentation in the ionization process. The compound of 
the PerfluoroCeo with seven side chains had the highest 
absolute signal in this series of experiments. It reached 
up to 750000 cps at 635 K, corresponding to a molecu- 
lar flux of 10"'^"'^ s~"'^cm~^ in the detection region - that is 
800 mm above the furnace. From the measured flux and 
the velocity we can calculate the number density to be 
10^^ cm~'^ for a distance 3 mm above the source exit (see 
cavity focusing below). Here we assume a rather conser- 
vative total detection efficiency for the neutral particles 
of about 77 — 1Q~*. This estimate is based on the ob- 
servation by Bart et al. [2^ that the electron impact 
ionization cross section per bond can be extrapolated to 
larger perfluoinated hydrocarbons. The electron impact 
ionization cross section here was thus estimated to be 

(^PerfluoroCeo = 2.7 X 10"^^ m^. 

The observation of a rather high flux of intact neu- 
tral and very massive molecules is a key result of great 
importance for the proposed interferometry and optical 
manipulation applications. 



D. Velocity measurments 

Earlier experiments already showed that matter wave 
interferometry is well feasible for de Broglie wavelengths 
larger than about one picometer [l7| . For molecules with 
a mass of 5000 amu this limit is touched at a velocity 
of 55m/s. Help in this situation may come from the 
expectation that massive molecules from thermal sources 
propagate at low mean velocities. We therefore present 
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FIG. 3: a) Velocity distribution of the isomer n=7 (m = 
5053 amu) of the perfluoroalkylated carbon nanosphere at 
585 K. The solid line represents a fit with a fioating Maxwell- 
Boltzmann distribution, b) The inset shows molecules even 
at velocities down to 11 m/s. 



in Fig.[3]the velocity spectrum of the carbon nanospheres 
with n = 7 side chains. We observed a floating Maxwell- 
Boltzmann distribution 

f{v) = V cxp( ), (1) 

with a most probable velocity of Vm=51m/s, which is 
about 15% faster than Vm = \/2kBT/m = 44 m/s, which 
would be expected for a fully effusive beam. The width of 
the curve fits to an ensemble temperature of 302 K, com- 
pared to the source temperature of 585 K. This indicates 
that the source operates at the transition between an ef- 
fusive and a weakly supersonic beam f26( which provides 
already translational cooling by a factor of two. But even 
more importantly, we still find a detectable fraction of 
particles at velocities down to 11 m/s. Such low velocities 
may come as a surprise, given the well-established fact 
that in atomic fountains the slow fraction of the atomic 
ensemble is usually suppressed by collisions with faster 
particles f37| . 

Although while we also see a shift to higher velocities, 
we still maintain an overall slow envelope, since our seed 
gas is the molecule itself with a mass of about 5000 amu 
and the experimental observation is in good agreement 
with elementary theoretical expectations. 

The rather significant signal at low velocities is very 
promising for testing matter-wave physics in an unprece- 
dented mass range using a new interferometer concept 
that has recently been developed in our group 27]. With 
regard to future matter wave experiments it is important 
to see, that the geometrical cross section of perfiuoralky- 
lated particles exceeds that of Ceo already by a factor 
of about ten, while their scattering cross section, deter- 
mined by the van der Waals interaction, remains still 
comparable. This is particularly relevant with respect to 
the suppression of coUisional decoherence [28j . 
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furnace 



FIG. 4; Discussed setups: A ring-cavity for optical focusing/collimation (a) and a linear cavity for optical cooling (b) of 
molecules, generated form a thermal source. The pump laser beam is perpendicular to both the axis of the cavity and the 
direction of the molecular beam for the linear cavity. Only the light scattered by the molecules couples into the cavity, (c) is 
a setup for molecular beam slowing with counter-propagating pulsed leiser light. 



III. OPTICAL MANIPULATION OF MASSIVE 
MOLECULAR BEAMS 

Given the low velocity of these heavy molecules it is 
intriguing to also explore the possibilities for new post- 
processing schemes to reshape and possibly further in- 
crease the phase-space density using off-resonant light 
fields. We start by first estimating the laser power which 
is required to manipulate molecules with a thermal ki- 
netic energy of ~50meV. This corresponds to a velocity 
of 44 m/s for the n—l perfluoroalkalyted nanosphere. A 
far-detuned Gaussian laser beam of power P, focused to 
a waist of wq^IOO /im, creates a dipole potential of well- 
depth 



U 



2aP 



(2) 



i.e. of 3.3 neV per Watt for a molecular polarizability 
of 200 A'^. A power of P=15MW is therefore needed, if 
we wish to fully compensate the kinetic energy of our 
supermassive molecules. This power can be provided by 
a common Q-switched laser with a pulse energy of 75 mJ 
delivered in a pulse duration of 5 ns. However, we also 
have to consider that about Nabs photons are absorbed 
by each molecule during the interaction time r with the 
laser, where 



IqCTT 



2PaT 



{hv) {-KWQhv) 



(3) 



Since our perfluorinated compounds have an NIR 
(1064nm) absorption cross section of crio64 = 3 x 
10~^^m^, a 75 mJ stopping laser would deposit about 
770 photons in each molecule and would thus be likely 
to destroy the particle. The cr-value was measured for 
solvated molecules and it might be smaller by an order 
of magnitude for molecules in the gas-phase [291] . 



Higher intensities can be achieved with shorter laser 
pulses: Let us consider a picosecond laser with a pulse 
duration of 7.5 ps, a pulse energy of 3mJ, a wavelength 
of 1064 nm, and a waist of 1mm, which is counter- 
propagating with respect to the molecular beam (see 
Figure |4] c). It would generate an off-resonant slow- 
ing/focusing potential of 13meV in both the transverse 
and the longitudinal molecular beam direction. A frac- 
tion of the molecules will be decelerated by about 6 m/s. 
Only 0.3 IR photons would be absorbed by each molecule 
per light pulse. Slowing of our molecules by pulsed laser 
light will therefore work as good as reported before for 
benzene molecules [91. 



A. Optical focusing in a cavity 

It might be of even greater relevance not to stop 
a pulsed molecular beam but rather to transversely 
guide and coUimate a subset of continuously emerging 
molecules. Here we are aiming at an increased signal 
for interference and spectroscopy experiments. As a first 
example, we consider realizing an optical lens for these 
molecules by passing them through a focused Gaussian 
mode of an intense laser beam. Using a high-Q build- 
up cavity, intra-cavity intensities of up to lO"' W are 
well conceivable, which, focused to a waist of 100 /im, 
would provide an optical potential depth of 0.03 meV. 
For m=5053 amu we see that the transverse potential 
would capture all molecules with a transverse speed of 
up to Im/s. Hence, such a cavity enhanced laser beam 
close to the oven, should increase the molecular fiux at 
the position of the detector. Each molecule would ab- 
sorb about 200 IR photons (1064 nm) during the passage 
through the focusing cavity which should be close to the 
damage threshold. 

To illustrate a realistic scenario we simulate the colli- 
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FIG. 5: Numerical simulation of transverse optical focusing of a molecular beam in a build-up ring cavity focused at the origin 
of our coordinate system, 3 mm above the source exit. Panels a) and b) show focusing transverse to the laser and molecular 
beam for two different intra-cavity laser powers, while panel c) shows the motion along the laser beam. In panel d) we show 
the final molecular velocity distributions after transit of the field for three different intra-cavity powers. 



mation of a beam of 5000 amu particles in a cavity en- 
hanced laser field of 6 x 10^ W. The perturbing influence 
of a standing light wave force grating would be elimi- 
nated in a ring cavity (see Fig. |4] a) . The proposed col- 
limation cavity is very similar in dimensions to one used 
to optically trap ^^Rb atoms [3l|. In Figl5]we show sim- 
ulated trajectories of molecules with an average velocity 
of V = 50 m/s and a transverse and longitudinal veloc- 
ity spread of ±1to/s emanating from a square shaped 
source of 50x50/xto^. This is the fraction of molecules 
which are captured and focused by a Gaussian beam of 
wq = 100 /im and Rayleigh length of z/j ~ 3 cm, posi- 
tioned at d=3mm above opening of the thermal source. 
For a properly chosen intensity, coUimation and/or fo- 
cusing can be achieved in both transverse directions at 
input laser powers in the 1...10W range. 



We therefore expect a signal gain in the forward direc- 
tion by about a factor of two, when using a single cavity 
and up to a factor of four, when using two orthogonal 
fields. This increase is already rather significant and will 
enable interferometry experiments with these larger per- 
fiuoroalkylated molecules [36j. 



B. Optical cooling in a cavity 

In an experimentally more challenging next step one 
can employ cavity mediated laser cooling of these macro- 
molecular beams. As individual particles in are only very 
weakly coupled to the light field, standard cavity cool- 
ing (sol . [3^ is too slow to be useful without an additional 
trap, but the use of collective effects will yield a mea- 
surable result. Here we suggest a linear confocal cavity 
with the axis perpendicular to both the direction of the 
molecular beam and the pumping light (see Fig. [4] b). 
For a 1 cm long cavity with a 400 /xm waist and a line 
width of /« « 27r X 1 MHz at 1 mm above the source 
one would expect cooling times of seconds for individual 
molecules. However, given the high number density of 
iV > 10^ perfluorinated particles in the cavity mode vol- 
ume of 1.2 mm'^, close to the furnace exit, one can expect 
a substantial collective enhancement of the cooling effect. 
Additional light scattering at intra-cavity molecules in 
the direction of the mode further deepens the cooling 
potential and enhances cooling in the direction of the 
cavity. The cavity photon number and therefore the en- 
hancement effect scales with N"^ [3^. Efficient cooling 
in a single mode can be achieved as soon as the self- 
organization threshold light power Pr = 1 x 10'^ W is 
reached [33 |. 
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As an example, we calculate the single mode energy 
loss and the associated change of the transverse veloc- 
ity distribution of perfluorinated molecules propagating 
perpendicular to the cavity axis with the slowest exper- 
imentally observed velocity in Fig. [6l Using two modes 
of the same cavity (or two cavities) the required pump 
threshold corresponds to about one Watt of input power 
for a cavity with a finesse F k, 10'^. 
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FIG. 6: Cavity assisted optical cooling in one transverse 
molecular beam direction: (a) Time evolution of kinetic 
energy along cavity axis for A'' = 1000 particles of mass 
5000 amu, passing through a cavity with waist wq = 400/im 
with average velocity of lOm/s (A« = 1.5 m/s) for differ- 
ent laser powers P = Pt/3, Pt,3Pt, where Pt = IkW is 
the effective self-organization threshold, (b) initial and final 
transverse velocity distributions for these parameters. Note 
that we rescaled the interaction strength to mimic the actu- 
ally higher molecule density from the source. 



IV. CONCLUSION 



In conclusion, we have demonstrated that even very 
massive molecules can form very slow beams at useful 
intensities. They are very promising for future matter- 
wave experiments and appear to be accessible for a 
number of optical slowing and cooling experiments with 
molecules in a new mass regime. Furthermore the explo- 
ration of cryogenic cooling schemes could be interesting 
with these molecules. The doping of perfluoroalkylated 
nanospheres into cold helium nanodroplets would possi- 
bly be a method for enabling high resolution spectroscopy 
on rather complex molecules ^38i] . 
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